For the first time, we present the comparison of Autler-Townes (AT) splitting in fluorescence and six-wave mixing (SWM) signals with electromagnetically induced transparency (EIT). With the detunings of the generating or external-dressing fields scanned, the two signals are distinguished theoretically and investigated experimentally. The EIT separation and AT splitting in fluorescence and SWM can be controlled by a phase determined by the angle in between the incident beams. These phenomena also can be modulated by the incident beam powers. In particular, the anti-AT splitting representing the vanishing tendency of secondary AT splitting is observed.
INTRODUCTION
Electromagnetically induced transparency (EIT) exploiting the atomic coherence has applications in many fields, such as nonlinear optics and quantum information science [1, 2] . Especially, the multiwave mixing (MWM) processes in EIT windows suppressed or enhanced by atomic coherence have been intensively investigated, and many interesting phenomena have been observed [3, 4] . For example, the four-wave mixing (FWM) process in multilevel atomic systems has been studied experimentally and theoretically [5] [6] [7] .
Besides, atomic Autler-Townes (AT) splitting was first studied on a radio-frequency transition [8] and then in calcium atoms [9] more than a half-century ago. Such an AT splitting effect also was observed in FWM process among two-level systems [10] . Recently, this effect in six-wave mixing (SWM) has been experimentally demonstrated by scanning the probe field in EIT windows [11] . Moreover, the AT splitting in fluorescence from spontaneous emission also was observed [12] [13] [14] [15] . However, the AT splitting in SWM and fluorescence signals by scanning dressing fields have not been investigated to the best of our knowledge. Moreover, the comparison of AT splitting in these signals with EIT has not been studied.
In this paper, we compare the AT splitting in fluorescence and SWM signals with EIT separation by a scanning dressing beam for the first time. The EIT separation appears only when dressing fields are scanned and is different from the traditional multi-EIT windows. The switches of EIT separation, AT splitting in fluorescence, and SWM are achieved by turning the angle (i.e., relative phase) of incident beams [16] and altering the beam powers. All the changes of the positions and strengths of AT splitting and EIT separation are explained with corresponding theoretical calculations, which fit the experiment results well.
EXPERIMENTAL SCHEME AND BASIC THEORY A. Experimental Scheme
The experiment is implemented in a five-level atomic system of 85 Rb, which includes energy levels of 5S 1∕2 F 3j0i, 5S 1∕2 F 2j3i, 5P 3∕2 j1i, 5D 3∕2 j4i, and 5D 5∕2 j2i [ Fig. 1(a) ]. The horizontally polarized probe beam E 1 (with frequency ω 1 , wave vector k 1 , Rabi frequency G 1 , power P 1 , and wavelength of 780.245 nm) is from an external cavity diode laser (ECDL) and connect the transition j0i↔j1i. One pair of coupling beams E 3 ω 3 ; k 3 ; G 3 and E 0 3 ω 3 ; k 0 3 ; G 0 3 with wavelength of 780.235 nm and equal power (P 3 ≈ P 0
3 ) drive the transition j3i↔j1i, and they are split from a tapered-amplifier diode laser and have vertical polarization. Another pair of vertically polarized coupling beams E 2 ω 2 ; k 2 ; G 2 and E 0 2 ω 2 ; k 0 2 ; G 0 2 with a wavelength of 775.978 nm and equal power (P 2 ≈ P 0 2 ) are from another ECDL and connect the transition j1i↔j2i. One vertically polarized dressing beam E 4 ω 4 ; k 4 ; G 4 ; P 4 with a wavelength of 776.157 nm is from the other ECDL and drives the transition j1i↔j4i. These laser beams (E 1 , E 3 , E 0 3 , E 2 , E 0 2 , E 4 ) are aligned spatially as shown in Fig. 1(b) , where all coupling (dressing) beams propagate through 85 Rb vapor in the same direction with small angles (∼0.3°) between them, whereas the probe field E 1 propagates in the opposite direction of E 2 . Besides, one FWM signal (E F ) and two SWM signals (E S1 and E S2 ) are generated and detected by an avalanche photodiode detector, which satisfy the phase-matching conditions
According to the third-and fifth-order susceptibility involved in the FWM and SWM processes, the probe polarization and the coupling beams polarizations will codetermine the polarization of generating signals. Under this experimental design, the generating signals have the same polarization with the probe beam and are orthogonal with the collinearly counter-propagating E 0 2 , thus the generating signals can be separated and detected individually. In addition, four fluorescence signals (R 1-4 ) due to spontaneous emission are obtained [ Fig. 1(a) ], in which R 1 and R 3 with the same wavelength of 780 nm are both caused by the decay from j1i; R 2 and R 4 with the same wavelength of 776 nm are caused by the decay from j2i and j4i, respectively. The fluorescence signals are measured by another photodiode.
B. Involved Perturbation Chain and Density-Matrix Element
Generally, the density-matrix element ρ 1 10 (its imaginary is related to the transmitted probe signal), ρ 10 iG 1 ∕d 1 , in which the Rabi frequency G i μ i E i ∕ℏ with transition dipole moment μ i , and d 1 Γ 10 iΔ 1 with transverse relaxation rate Γ ij (between jii and jji) and frequency detuning Δ i Ω i − ω i (Ω i is the resonance frequency of the transition driven by E i ). When the probe transmission signal is dressed by the fields E 2 (E 0 2 ) and E 4 , the expression is modified into ρ Besides, considering both of the dressing effects of E 2 and E 4 , the pathway ρ
gives ρ C. Dressed State Picture with Generating Fields Scanned When the frequency detuning (i.e., Δ 1 ) of the generating field is scanned, we can obtain the absorption dip in probe transmission signal, the emission peak in MWM, and fluorescence signals. The three signals can be dressed by E i and E j (i, j 1, 2, 4, and i ≠ j), so the AT splitting of the absorption dip and the emission peak can be observed. The primary AT splitting corresponds with the primary dressed states ji created by E i , while the secondary one corresponds with the secondary states j i (j − i) created by E j from ji (j−i) with Δ 1 < 0 (with Δ 1 > 0). Specifically, the involved Hamiltonians can be successively written as 
The eigenstates of the first Hamiltonian are ji, and their eigenvalues λ are
and the eigenstates of the second Hamiltonian are j − i and their eigenvalues λ − are
with Δ 0 j Δ j − −1 j λ − , or the eigenstates are j i, and their
D. Dressed State Picture with External-Dressing Fields Scanned
Unlike the case with Δ 1 scanned, when Δ 4 is scanned, the EIT separation (dual peaks higher than the baseline) or electromagnetically induced absorption separation (EIA separation, dual dips lower than the baseline) forming purely due to the dressing effect in probe transmission signal can be detected directly, excluding the probe absorption background (i.e., traditional absorption dip). Also the enhancement separation (dual peaks higher than the baseline) or suppression separation (dual dips lower than the baseline) forming purely due to the dressing effect in FWM and fluorescence signal R 1 can be observed, excluding the classical Lorentzian emission background. However, since E 4 is not only the dressing field but also the generating field for SWM signal E S2 and fluorescence signal R 4 , when Δ 4 is scanned, we can obtain the characteristic phenomena embed on the emission backgrounds of E S2 and R 4 . The Hamiltonians can be written as
from which we can obtain the eigenvalues λ 1;2;3 . The conditions for EIA separation and enhancement separation are Δ 1 −λ 1;2;3 . The eigenvalues, if one of the dressing influence is revoked (i.e., G 1 or G 4 0), can deduce the highly approximate conditions for EIT separation and suppression separation. If G 4 0, the possible conditions for separation become
If G 1 0, the possible conditions for separation become
EXPERIMENTAL RESULTS AND DISCUSSIONS
First, we simultaneously investigate the probe transmission, FWM, and fluorescence signals by scanning Δ 4 at discrete Δ 1 [ Fig. 2 (a)] without beams E 3 and E 0 3 . As to the probe transmission shown in Fig. 2(a1) , the heights of baselines (horizontal background) represent the absorption intensity undressed by E 4 at corresponding Δ 1 . The profile composed of all the baselines reveals the traditional EIT window induced by E 2 at Δ 1 −Δ 2 0. In each curve, it is interesting to note the EIT separation, which is suppressed near jΔ 1 j 0 due to the cascade interaction between the dressing effects of E 2 and E 4 presented by the terms jG 2 j 2 ∕d 2 and jG 4 j 2 ∕d 6 , respectively, in ρ 1 10D . Such EIT separation is mainly caused by the combined dressing effects of E 1 and E 4 (presented by jG 4 j 2 ∕d 6 in ρ 1 10D ) and depicted by Eqs. (6) and (7) . Next, in Fig. 2(a2) , the baseline height of each curve represents the intensity of E F without the dressing effect of E 4 . The profile of baselines shows the AT splitting due to self-dressing effect of E 2 . The left and right peaks (at Δ 1 20 MHz) of the AT splitting correspond to the two dressed states created by
e., the righthand sides in Eqs. (3a) and (3b) with i 2]. Corresponding with the EIT separation in probe transmission, for each curve at any Δ 1 , the dips lower than the baseline present the suppression separation due to d 1 and jG 4 j 2 ∕d 6 in ρ 3 10F . Strong powers of E 1 and E 4 will magnify the values of jG 1 j 2 ∕d 7 and jG 4 j 2 ∕d 6 , and make ρ 3 10F decrease. As a result, the enhancement separation is weakened, and only suppression separation can be seen. Finally, in Fig. 2(a3) , the fluorescence signal shows AT splitting with double peaks in each curve. Here, with Δ 4 scanned, such AT splitting is the result of the dressing effect of E 1 (jG 1 j 2 ∕d 11 on the double-photon term d 4 
11D
. With all beams on, the SWM signals are generated. We also investigate the probe transmission, SWM, and fluorescence signals by scanning Δ 4 with different Δ 1 , as shown in Fig. 2(b) . For the probe transmission, the profile (dashed line) of the baselines reveals a traditional double-peak EIT window, as shown in Fig. 2(b1) , which is induced by the self-dressing effect of E 2 in the subsystem j0i − j1i − j2i. Besides, different from the previous results in which only single EIT and/or EIA were obtained, here we can identify multi-EIT/EIA. Such phenomenon can be ascribed to the similar reason in the case of Fig. 2(a1) , but there exists a difference that comes from the phase control effect of jG 4 j 2 ∕d 6 in ρ 1 10D at another different propagating angle of E 1 and E 4 (such phase control effect will be demonstrated in Fig. 3 ). Then, in Fig. 2(b2) , the SWM signal includes several dips and peaks. As described in Fig. 2(a2) , such dips derive from the suppression separation in the FWM process, where the enhancement separation is weakened. However, different from the case in FWM, with Δ 4 scanned, the suppression separation of E S cannot be detected directly free from the classical Lorentzian emission background of SWM signal, since E 4 is not only the dressing field but also the generating field. In this case, the three peaks originate from the primary AT splitting (caused by the dressing effect of E 4 ) and secondary AT splitting (caused by the dressing effect of E 1 ) of SWM emission peak. Specifically, the left peak is the primary AT splitting peak (corresponding to the Fig. 1(d) . While in the region Δ 1 > 0, the right peak is the primary AT splitting peak (corresponding to λ ) and the left two peaks the secondary ones (corresponding to λ − ). The creation of dressed states responsible for the AT splitting has been studied in Eqs. (3) and (4). Next, as to the fluorescence signal, the profile (dashed line) of baseline also depicts AT splitting [ Fig. 2(b3) ]. Such AT splitting is caused by jG 2 j 2 ∕d 1 in ρ 4 22D rather than jG 4 j 2 ∕d 6 in ρ 2 11D , since the splitting separation is narrow and corresponding frequency range is smaller than the case for ρ 2 11D . Such phenomenon can be confirmed by the theoretical calculations in Figs. 2(e1) and 2(e2) . Also, each curve in Fig. 2(b3) shows AT splitting of fluorescence emission peak within strong suppression dip lower than the baseline. Compared to the one in Fig. 2(a3) , such suppression occurs due to the weaker interaction between E 2 and E 4 in ρ 2 11D , while the AT splitting is also caused by the dressing effect of E 1 (splitting peaks satisfy Δ 4 −Δ 1 Δ 2 1 4jG 1 j 2 1∕2 ∕2 0). Last, the double peaks of fluorescence within the dip become stronger with jΔ 1 j increasing since it is suppressed most strongly around the resonant point jΔ 1 j 0 according to jG 4 j 2 ∕d 1 in ρ 4 44D . Figure 2 (e) explicitly demonstrates the theoretically calculated fluorescence spectra (R 1 , R 2 , R 4 and R 1 R 2 R 4 , respectively), which agrees with the experimental ones [ Fig. 2(b3) ].
Finally, we compare the fluorescence signals versus Δ 4 with different Δ 1 and Δ 2 , as shown in Figs. 2(c) and 2(d), respectively. By such comparison, one can easily find some similarities and discrepancies. On one hand, in Fig. 2(c) , the suppression is obvious at large jΔ 1 j and unobvious near Δ 1 0 because the interaction between E 2 and E 4 is weak when jΔ 1 j is large. Similar behavior can be seen in Fig. 2(d) because the interaction between E 2 and E 4 is weak when jΔ 2 j is large. On the other hand, the AT splitting structure in Fig. 2(c) shifts rightward with Δ 1 increasing, and the splitting distance and peak amplitudes change with different Δ 1 . However, the AT splitting in Fig. 2(d) nearly remains the same with different Δ 2 . Because the AT splitting is caused by the dressing effect of the term jG 1 j 2 ∕d 11 in ρ 4 44D , the changing of Δ 1 (instead of Δ 2 ) will determine its position, splitting distance, and peak amplitudes. Specifically, the peaks in AT splitting satisfy the conditions Δ 4 −Δ 1 Δ gives the splitting distance as Δ c Δ 2 1 4jG 1 j 2 1∕2 . Thus, with jΔ 1 j approaching to 0, the AT splitting shifts correspondingly, and distance and the splitting distance and peak amplitudes, both become smaller due to the increasing of jG 1 j 2 ∕d 11 . Next, we concentrate on the evolution of the measured signals by changing angles α successively with different beams blocked. With E 3 and E 0 3 blocked [ Fig. 3(a) ], EIT separation in the probe transmission [ Fig. 3(a1) ] can be switched to EIA separation gradually with the increasing of α. In this process, the strongest EIT separation and EIA separation occur separately at α 0°[normal, as the geometrical sketch shown in Fig. 1(b) ] and α 0.08°[abnormal, as the geometrical sketch shown in Fig. 1(c) ]. Such switch between EIT separation and EIA separation is because of the modulated dressing effect of jG 4 j 2 ∕d 6 in ρ 1 10D with different α. As well known [16] , when the additional deflection angle α is involved, the phase factor ΔΦ is introduced, which would modify jG 4 j 2 ∕d 6 into jG 4 j 2 expiΔΦ∕d 6 . Thus, for α 0°ΔΦ 0, the dressing term jG 4 j 2 expiΔΦ∕d 6 behaves positive and normal EIT separation appears [similar to Fig. 2(a1) ]; for α 0.08°ΔΦ −π, the dressing term jG 4 j 2 expiΔΦ∕d 6 behaves negative, so the EIT separation switches to EIA separation; for α 0.04°ΔΦ −π∕2, the transitional partial EIT/EIA could be seen, all of which are individually shown in Fig. 3(a1) . And depending on whether α is larger than or smaller than 0.04°, the probe transmission spectra behave mainly in EIA separation or EIT separation. Correspondingly, the suppression strength of FWM signal E F [ Fig. 3(a2) ] and peak amplitudes of AT splitting in fluorescence signals [ Fig. 3(a3) ] are largest around α 0.04°and get relatively weak around α 0°and α 0.08°, since the dressing effect of E 4 switches from constructive to destructive.
Similarly, Fig. 3(b) shows the case with all beams on. When we change the angle α between E 1 and E 4 from negative to positive, the probe transmission [ Fig. 3(b1) ] shows the evolution from EIT separation (e.g., α −0.04°or ΔΦ π∕2) to multi-EIT/EIA (e.g., α 0.04°or ΔΦ −π∕2), and then to EIA separation (e.g., α 0.08°or ΔΦ −π). During this process, the strongest EIT separation and EIA separation also appear at α 0°and α 0.08°, respectively. Above phenomena can be also explained by the modulated dressing term jG 4 j 2 expiΔΦ∕d 6 in ρ 1 10D . As to the SWM and fluorescence signals, the amplitudes of SWM and fluorescence evolve from weak to strong and then to weak, which is shown in Figs. 3(b1) and 3(b3) , respectively. The reason is that the dressing effect of E 4 switches from destructive to constructive and then to destructive with varying α from the bottom to top curves.
We have demonstrated the experimental observations of the AT splitting in fluorescence and SWM with EIT separation and their angle/phase control in the above paragraphs (Figs. 2  and 3) . Then we will separately investigate the control of these signals by the power (of E 1 , E 2 , and E 4 ) (Figs. 4-6) .
First, we show the power control of E 1 with E 3 and E 0 3
blocked. In Fig. 4(a1) , the probe transmission shows the EIT separation. One can find that the distance of the EIT separation increases nonlinearly with increasing P 1 (dashed lines) and approaches to saturation at high P 1 . The reason is that the distance of EIT separation is Δ a jG 4 j 2 − Δ 2 1 2 4Δ 2 1 jG 1 j 2 1∕2 that can be approximated as
where G a jG 4 j 4 Δ 4 1 1∕2 and jG 4 j > 2jG 1 j (G i μE i ∕ℏ μ2P i ∕ε 0 cA 1∕2 ∕ℏ, i 1, 2, 3, 4). The larger second term on the right-hand side of Eq. (6) can increase the distance of EIT separation, while the larger third term plays an opposite role to the second term. Thus the former effect is responsible for the distance accretion while the latter one for the saturation. If P 1 increases to even high, the third term will become too large to make Δ a decrease. The calculated result according to Eq. (6) and the experimentally measured one are both shown in Fig. 4(a2) , which agrees well with each other. Also, the amplitude of EIT separation accretes with increasing P 1 , since G 1 becomes stronger and the suppression of jG 4 j 2 ∕d 6 on the EITs weaker. In Fig. 4(b1) , it is obvious that the suppression separation in FWM signal corresponds to EIT separation. So the distance of suppression separation Δ b can be also depicted by Eq. (6) and increases (dashed lines) with increasing P 1 at the fixed Δ 1 . Such dependence is shown in the Fig. 4(b2) . For the fluorescence signals, the AT splitting can be seen in Fig. 4(c1) . Obeying the same expression Δ c Δ 2 1 4jG 1 j 2 1∕2 in Fig. 2(c) , here the splitting distance increases (dashed lines) when P 1 becomes larger. The dependence curve is depicted by the Fig. 4(c2) . Similarly, we can investigate the control of the probe transmission, SWM, and fluorescence signals by the power of E 1 with all beams on. The probe transmission also shows EIT separation, whose distance Δ a increases with P 1 increasing, as shown in Fig. 4(d1) . As to the SWM signal in Fig. 4(e1) , it shows suppression separation and AT splitting of emission peak, which is similar to the case in the region Δ 1 > 0 in Fig. 2(b2) . According to Eqs. (3) and (4), we can obtain the distance between the left two peaks (secondary AT splitting caused by E 1 ) as
, and the distance between the right two peaks (secondary and primary AT splitting, respectively) as Δ b2 λ − λ − ≈ 2jG 4 j − jG 1 j ≈ 2jG 4 j. The distance Δ b1 can be approximated as
where G b Δ 2 1 4jG 1 j 2 1∕2 . At proper G 4 and Δ 1 , the contribution of G 1 to Δ b1 is dominant, since the terms on the right-hand side are negligible. So, with P 1 increasing, Δ b1 will increase while Δ b2 nearly remains constant. Moreover, one can find that the AT splitting amplitude of SWM first increases and then reduces with P 1 increasing. The reason is that the emission background of SWM is dominant at first, and then the dressing effect of E 1 (jG 1 j 2 ∕d 8 in ρ 5 10D2 ) becomes dominant gradually and reduces the pure background. The fluorescence signals in Fig. 4(f1) show similar variations with signals in Fig. 4(c1) . The experimentally measured and theoretically calculated EIT separation, AT splitting of SWM, and fluorescence signals are depicted in Figs. 4(d2)-4(f2) , respectively. Second, we investigate the dependence of the signals on the power control of E 2 with all beams on. In Fig. 5(a1) , the probe transmission shows EIT separation. On one hand, the distance of the EIT separation remains invariant when P 2 increases since its expression Δ a jG 4 j 2 − Δ 2 1 2 4Δ 2 1 jG 1 j 2 1∕2 remains constant with G 2 increasing. On the other hand, the amplitude of EITs decreases gradually with P 2 increasing. The reason is that the increase of P 2 will lead to the rise of the baseline height, which makes the EIT amplitude smaller. Here we use the EITs area between the EIT peaks and the baseline to characterize the EIT amplitude over the baseline. Figure 5(a2) shows the EITs area normalized by the largest area at P 2 0.3 mW, which decreases gradually with increasing P 2 and agrees with the theoretically calculated result. Correspondingly, for the fluorescence signal, the AT splitting distance Δ c is also invariant, as shown in Fig. 5(b1) . In Fig. 5(b2) , we employ the normalized dips area to characterize the baseline height rising along with P 2 . More explicitly, the baseline change of R 2 is theoretically calculated with P 2 increasing, as shown in Fig. 5(b3) . Noticing that the signal intensity of R 1 R 4 nearly remains invariant with P 2 (as shown in the inset), one can see that the baseline height is rising and the dips area reducing accordingly.
Finally, we study the dependence of the signals on the power of E 4 with all beams on. In Fig. 6(a1) , the EIT separation decreases from the top to bottom curves, which can be explained by the separation expression Δ a jG 4 j 2 − Δ 2 1 2 4Δ
with jG 4 j > jG 1 j and jΔ 1 j > jG 4 j at large jΔ 1 j. However, the amplitude of the EITs becomes larger with the power of E 4 increasing due to the strengthening effect of jG 4 j 2 ∕d 6 in ρ 1 10D . Both of the experimentally measured and theoretically calculated distances are presented in Fig. 6(a2) , and there exists good agreement between them. For the SWM signals in Fig. 6(b1) , one can see suppression separation and AT splitting of emission peak. It is worth mentioning that here the three peaks, formed with proper G 1 , display different behavior compared with those in Fig. 4(e) , i.e., (b3) Calculated baseline height of R 2 signal versus P 2 corresponding to (b1); the inset is the calculated intensity of R 1 R 4 . The other parameters are Δ 2 0, Δ 3 0, P 1 2.4 mW, P 3 12.7 mW, and P 4 7.9 mW. Fig. 6 . Measured probe transmission (a1), SWM (b1), and fluorescence signals (c1) with increasing P 4 (the unit of the values is mW) from the top to bottom curves by scanning Δ 4 at Δ 1 60 MHz. (a2) and (b2) are the corresponding power dependences of (a1) and (b1), respectively. The squares or triangles are the experimental results, and the solid lines in (a2) and (b2) are the corresponding theoretical results. The other parameters are Δ 2 Δ 3 0, P 1 4 mW, P 2 5.2 mW, and P 3 7.5 mW.
the distance Δ b1 decreases while Δ b2 increases with increasing P 4 . Such variations are depicted in Fig. 6(b2) . Considering that we have studied the increasing tendency of Δ b1 before [11] , here we only pay attention to the vanishing tendency of secondary AT splitting, which can be named as anti-AT splitting. The reason for such phenomena is that Δ b1 decreases when G 4 increases at large jΔ 1 j due to the second term on the right-hand side of Eq. (6) regardless of the insignificant third term. As to the fluorescence signal in Fig. 6(c1) , the variation is not obvious. The AT splitting distance Δ c keeps invariant when P 4 increases, which are depicted by the dashed lines.
CONCLUSION
In summary, we have experimentally observed simultaneously the EIT separation, AT splitting in MWM signals, and the concomitant probe transmission and fluorescence signals by scanning the dressing fields. Theoretical calculations of AT splitting in fluorescence are given, which agree well with the experimental results. Also, we obtain and explain the switches of these signals by changing the phase determined by the angle in between E 1 and E 4 . Furthermore, the controls of splitting distance and signal amplitude by altering beam powers are experimentally demonstrated and theoretically explained in detail. Such investigations about EIT, MWM, and fluorescence have potential applications in optical communication and quantum information processing.
